Some patients with acute myeloid leukemia (AML) who are in complete remission after induction chemotherapy harbor persisting pre-leukemic clones, carrying a subset of leukemia-associated somatic mutations. There is conflicting evidence on the prognostic relevance of these clones for AML relapse. Here, we characterized paired pre-treatment and remission samples from 126 AML patients for mutations in 68 leukemia-associated genes. Fifty patients (40%) retained ≥1 mutation during remission at a VAF of ≥2%. Mutation persistence was most frequent in DNMT3A (65% of patients with mutations at diagnosis), SRSF2 (64%), TET2 (55%), and ASXL1 (46%), and significantly associated with older age (p < 0.0001) and, in multivariate analyses adjusting for age, genetic risk, and allogeneic transplantation, with inferior relapse-free survival (hazard ratio (HR), 2.34; p = 0.0039) and overall survival (HR, 2.14; p = 0.036). Patients with persisting mutations had a higher cumulative incidence of relapse before, but not after allogeneic stem cell transplantation. Our work underlines the relevance of mutation persistence during first remission as a novel risk factor in AML. Persistence of pre-leukemic clones may contribute to the inferior outcome of elderly AML patients. Allogeneic transplantation abrogated the increased relapse risk associated with persisting pre-leukemic clones, suggesting that mutation persistence may guide post-remission treatment.
Introduction
The development of acute myeloid leukemia (AML) from healthy hematopoietic stem or precursor cells (HSCs) is a multistep process [1] . Sequential acquisition of somatic mutations in AML driver genes can result in pre-leukemic HSCs capable of increased proliferation or self-renewal, but retaining normal multi-lineage differentiation potential. In some AML patients, pre-leukemic HSCs carrying early disease-associated "founder" mutations can be identified besides the fully transformed leukemia clone [1, 2] . Mutations in pre-leukemic HSCs frequently affect genes also implicated in age-associated clonal hematopoiesis, such as DNMT3A and TET2. Pre-leukemic clones may survive chemotherapy and persist in AML patients during complete remission (CR) [2] [3] [4] [5] [6] . Several groups have reported frequent persistence of DNMT3A mutations during CR, but found no association with AML relapse or survival [7] [8] [9] [10] .
In contrast, in another study analyzing a larger panel of genes in 50 AML patients, mutation persistence associated with shorter event-free and overall survival (OS) [11] . Of note, clonal cytogenetic alterations also remain detectable in some patients in morphological remission, and this has been linked to inferior outcomes [12, 13] . These conflicting results prompted us to genetically characterize paired samples, obtained at the time of diagnosis and during first remission, from a cohort of intensively treated AML patients [14] . We aimed to study associations between persistence of AML-associated somatic mutations during remission and patient outcomes in the context of other known prognostic factors, including the most recent European LeukemiaNet (ELN) classification of baseline genetic risk [15] . Since post-remission treatment is an important factor that may affect the ultimate outcome of patients harboring persisting pre-leukemic clones after the initial line of therapy, we also studied the impact of allogeneic transplantation on relapse risk in patients with and without mutation persistence.
Methods

Patients and study design
We performed a retrospective cohort study investigating the prevalence, spectrum, and prognostic relevance of persisting pre-leukemic mutations in 129 adult AML patients in first remission (median age, 54 years [y]; range, 20-80 y). Patients were enrolled in the German AML Cooperative Group AMLCG-2008 phase III trial (NTC01382147; n = 99) [16] or a patient registry (n = 27; Supplementary Table 1 ). Treatment regimens are described in the Supplementary Information. All patients in this analysis achieved CR or CR with incomplete blood count recovery (CR i ), defined according to standard criteria [17] , after first-line induction chemotherapy. Patient selection for this analysis was based solely on the availability of paired specimens for genetic analysis, obtained before treatment and during first remission. Genetic risk groups were defined according to the 2010 Medical Research Council (MRC) cytogenetic classification and the 2017 ELN risk stratification system [15, 18] . All study protocols were in accordance with the Declaration of Helsinki and approved by the institutional review boards of participating centers. Patients provided written informed consent for inclusion into the clinical trial or registry and genetic analyses.
Genetic analyses
We studied bone marrow or peripheral blood samples, obtained before treatment and during first remission, from 129 patients. For 36/54 patients with documented recurrence, a relapse specimen was also available. Mutations in 68 recurrently mutated genes were analyzed by targeted sequencing (Haloplex, Agilent, Boeblingen, Germany/ Miseq, Illumina, San Diego, CA, USA) using genomic DNA from Ficoll-enriched mononuclear cells, as reported previously [14] . We sequenced the entire coding sequence of 37 genes, and recurrently mutated regions in the remaining 31 (Supplementary Table 2 ). The mean sequencing depth was 570×, and >99% of the target region was covered ≥30-fold.
We identified sequence alterations with a variant allele frequency (VAF) of ≥2%. This threshold was based on the specificity of our assay (Supplementary Results) and is comparable to previous analyses [11] and in agreement with a working definition of clonal hematopoiesis [19] . Variants were classified as known/putative driver mutations, variants of unknown significance, or germline polymorphisms based on published data [20] [21] [22] , as reported in detail previously [14] . Additionally, NPM1 and CEBPA mutations and FLT3 internal tandem duplications (FLT3-ITDs) were tested by standard methods [23] [24] [25] [26] [27] . Genotyping of T lymphocytes was performed for selected patients as described in the Supplementary Information.
Minimal residual disease assessment
Minimal residual disease (MRD) levels were measured in the remission samples by quantitative real-time PCR (qPCR) for NPM1 mutations (types A/B/D) or by flow cytometry in 46 and 81 patients, respectively, using published methods [23, 28] . Eleven additional patients had other types of NPM1 mutations, and no qPCR assay was available for these. Flow cytometric MRD assessment, based on detection of leukemia-associated immunophenotypes, was performed using FACSCalibur (BD Biosciences, San Jose, CA, USA; 60 patients) or NAVIOS (Beckman Coulter, Brea, CA, USA; 21 patients) instruments.
Statistical analyses
Associations between mutation persistence and clinical parameters were studied using the Wilcoxon rank-sum test for continuous and Fisher's exact test for categorical variables. For analyses of treatment outcomes, endpoints (relapse-free survival (RFS) and OS) were defined according to standard criteria [17] . The Kaplan-Meier method and log-rank test were used for unadjusted analyses of time-toevent endpoints. To evaluate the risk of disease recurrence, we studied cumulative incidence of relapse (CIR) while treating allogeneic stem cell transplantation (alloSCT) and death in remission (whichever occurred first) as competing events; patients with and without mutation persistence were compared using Gray's test [29] . Multivariate Cox proportional hazards models included alloSCT as a timedependent covariate [30] and were stratified with separate strata for each of the AMLCG-2008 trial arms and the patient registry. HRs, 95% confidence intervals (CIs), and Wald-test p values are reported. Two-sided p values ≤0.05 were interpreted as significant and are considered hypothesis generating. Statistical analyses were performed using 
Results
Patients
Targeted sequencing of pre-treatment specimens from 129 AML patients identified a total of 481 variants affecting 41 genes that were classified as putative driver mutations (median, 4 mutations/patient; range, 0-10; Supplementary Table 3 ). In 126/129 (98%) patients, we detected ≥1 driver mutation at diagnosis. Three patients harbored balanced chromosomal translocations (KMT2A-MLLT1, KMT2A-MLLT3, and CBFB-MYH11) but no detectable gene mutations, and were excluded from further analyses. Detailed characteristics of the remaining 126 patients are listed in Table 1 Table 4 ). Twelve patients died while in first remission, and relapse was observed in 55 patients, 34 of whom subsequently died. The median follow-up, calculated according to the reverse Kaplan-Meier method [31] , was 51.9 months (m). The median RFS for the entire cohort was 24.8 m (95% CI; 15.9 m-not reached), and the median OS was not reached.
Since by definition, mutation persistence can only be studied in patients who achieved CR/CR i , outcomes of our cohort compare favorably to unselected populations of newly diagnosed AML patients.
Persistence of mutations in remission
In the samples obtained during first remission, we reidentified 78 mutations in 16 different genes that had already been present in the matched diagnostic specimens (persisting mutations). Persistence of ≥1 mutation was found in 50/126 patients (40%; median, 1 mutation/ patient; range, 1-5). In the remaining 76 patients, all driver mutations were undetectable in the remission specimen at the level of sensitivity of our assay (VAF, ≥2%; Fig. 1b) . The frequency of mutation persistence was similar in samples obtained within 60 days of the documented CR/ CR i date (43/102) and in samples obtained later during first remission (7/24) (p = 0.35). Mutation persistence was most frequently observed in DNMT3A (28/43 patients with mutations at diagnosis; 65%), TET2 (10/18; 56%), SRSF2 (7/11; 64%), and ASXL1 (6/13; 46%). In contrast, persistence of driver mutations was very rare in other AMLassociated genes such as NPM1 (persisting in 1/57 patients, 2%), FLT3 (0/79), NRAS (0/27), and WT1 (0/31) (Fig. 1a-c) .
Most persisting mutations were recurrent somatic alterations found in age-associated clonal hematopoiesis and myeloid neoplasms (Supplementary Table 3 ). The allele frequencies of these variants at diagnosis and/or during remission were mostly incompatible with heterozygous or homozygous germline polymorphisms (expected VAFs, 50% or 100%, respectively), supporting their somatic origin (Fig. 1c, Supplementary Fig. 1 ). Additionally, we genotyped T cells from 5 of the 18 patients who had mutations persisting at VAFs >25%, to prove their somatic origin (Supplementary Information). Allele frequencies of variants detected in remission were ≥10% in most patients (35/50; 70%; Supplementary Table 3 ). In the remaining patients, VAFs of persisting mutations were between 10% and our limit of detection of 2%. Assuming heterozygosity, this indicates that in most patients persisting mutations were carried by ≥20% of cells in the remission specimen, while the morphological bone marrow blast count was <5%. Mutations that persisted in remission had a higher median VAF at diagnosis (43%, range: 2-94%), and thus were present in a larger fraction of cells, than mutations that were subsequently cleared in remission (31%, range: 2-95%, p < 0.0001; Supplementary  Fig.1 ). Furthermore, 47/50 patients with a persisting mutation had ≥1 additional mutation at diagnosis that was cleared in remission (Fig. 1b) . Specimens obtained at AML relapse were available for 36 patients (Supplementary Results). In 35 patients, the initial and relapse clones were genetically related, as indicated by common driver mutations. Eighteen patients had persisting mutations during remission that were also detected at the time of relapse. In 14 of them, additional mutations present at diagnosis became undetectable during remission and re-emerged at relapse. The other four patients relapsed with a clone carrying the persisting mutations, but none of the other mutations present in the initial specimen. In these patients, relapse may have originated from the pre-leukemic clone.
Mutation persistence, patient characteristics, and treatment outcomes
Patients with mutation persistence during remission were significantly older than patients who cleared all mutations (median, 63.5 y vs. 48 y; p < 0.0001; Table 1 ). The median age of patients with persisting DNMT3A mutations was 58 y, compared to 67 y for patients with persistent mutations in other genes only (p = 0.0004; Fig. 2 ). Other pre-treatment clinical characteristics were not associated with mutation persistence (Table 1) . Persisting mutations were observed in 42/102 patients with intermediate-risk cytogenetics (41%) and in 6/11 patients (55%) with adverse risk cytogenetics, but in 0/8 patients with a favorable karyotype (p = 0.029). The frequency of persisting mutations was similar in patients with CR or CR i (p = 0.12).
Persistence of ≥1 mutation in remission, in contrast to complete mutation clearance, significantly associated with shorter RFS (median, 55.7 m for patients without vs. 11.7 m for patients with persisting mutations; p = 0.0005; Fig. 3a) . Likewise, patients with persisting mutations had significantly shorter OS than those without (median, 31.3 m vs. not reached; p = 0.0019; Fig. 3b ). When this analysis was restricted to clinically defined de novo AML, persistence of mutations during remission still associated with shorter RFS and OS ( Supplementary Fig. 2 ).
Since alloSCT performed in first remission may eliminate persisting pre-leukemic clones, we analyzed CIR while considering transplantation and death in first remission as competing events. Patients with persisting mutations had a higher incidence of relapse before allogeneic transplantation (3 y CIR, 53.0%; 95% CI, 38.9-67.2%) than those with complete mutation clearance (3 y CIR; 25.8%; 95% CI, 15.8-35.8%; p = 0.028; Fig. 3c ). In the 53 patients (42%) who underwent alloSCT in first remission, CIR after transplantation was low, and no significant difference was observed between patients who did or did not have mutation persistence before alloSCT (5/34 patients without and 2/19 patients with persisting mutations relapsed after alloSCT; p = 0.67; Fig. 3d) .
In more than half of the patients with mutation persistence (28/50), DNMT3A mutations at codon 882 (16/28) or other DNMT3A mutations (12/28) were detectable in the remission sample, whereas 22 patients had persisting mutations only in genes other than DNMT3A. We observed no survival differences between these groups ( Supplementary Fig. 3a,b) . Outcomes were also similar for patients with small or large persisting clones (i.e., remission VAF, <10% or ≥10%; RFS, p = 0.75; OS, p = 0.79; Supplementary Fig. 3c,d) , and for patients with one or >1 persisting mutation (RFS, p = 0.72; OS, p = 0.47; Supplementary Fig. 3e,f) , however, patient numbers in these subgroup analyses were small.
Supplementary Table 5 shows the association of clinical and genetic factors with treatment outcomes in our cohort. We used multivariate analyses to study the impact of persisting mutations while adjusting for other risk factors (Table 2 ). In a model for RFS adjusting for age, ELN 2017 genetic risk groups, leukocyte count, remission status (CR i vs. CR), and alloSCT in first remission, patients with ≥1 Fig. 2 Age distribution of patients without persisting mutations. Age distribution of patients without persisting mutations in remission, patients with persisting mutation in DNMT3A, and patients with persisting mutations only in genes other than DNMT3A. Boxplots depict median, 25th and 75th percentile, and minimum/maximum age in each cohort persisting mutation had an over twofold increased risk of relapse or death (HR, 2.34; 95% CI, 1.31-4.17; p = 0.0039). Adverse baseline genetic risk, higher leukocyte counts, and alloSCT, treated as a time-dependent covariate, were the only other factors significantly associated with RFS. There was no significant interaction between mutation persistence and age, the ELN risk groups, or allogeneic transplantation. Similarly, in a multivariate model for OS, persistence of ≥1 mutation associated with increased risk of death compared to patients who cleared all mutations (HR, 2.14; 95% CI, 1.05-4.35; p = 0.036). In this model, patients with adverse genetics also had inferior survival. Multivariate models using the MRC cytogenetic risk classification yielded similar results (Supplementary Table 6 ).
Mutation persistence and MRD
We questioned whether detection of persisting mutations in remission specimens was indicative of higher levels of MRD as determined by established molecular and flow cytometry-based methods (Supplementary Table 7) . Among 46 patients with NPM1 mutation, there was a nonsignificant trend towards higher molecular MRD levels in patients with (n = 22) compared to those without persisting pre-leukemic mutations (n = 24; p = 0.11; Fig. 4a ). Flow cytometric MRD assessment in the remission sample was available for 81/126 patients. There was no significant difference in flow MRD levels between the groups with (n = 30) and without persisting mutations (n = 51; p = 0.38; Fig. 4b ).
Discussion
In our cohort of intensively treated AML patients in first CR or CR i , persistence of at least one leukemia-associated mutation was observed in 40%. In addition to persisting DNMT3A, TET2, IDH1/IDH2, ASXL1, and RUNX1 Fig. 3 Outcomes of patients with and without persisting mutations in remission. a RFS and b OS for patients with and without persisting mutations in the remission sample. c CIR, with alloSCT or death in first CR/CR i treated as competing events, for patients with and without persisting mutations. d CIR after alloSCT in first CR/CR i mutations, which have been previously reported [2, 11] , we also identified frequent persistence of SRSF2 mutations. Persistence of leukemia driver mutations associated with an over twofold increased risk of relapse or death in multivariate analyses adjusting for other known prognostic factors, including the most recent ELN classification of pretreatment genetic risk. By its design, our study only included patients who had achieved a remission after first-line induction therapy. Therefore, patients with adverse genetic characteristics were underrepresented due to their lower response rates, and outcomes in general were relatively favorable compared to cohorts of untreated AML patients [14] . However, RFS and OS of our cohort were similar to the outcomes of all patients treated on the AMLCG-2008 trial who reached CR/CR i , suggesting that our results can be generalized to patients in CR/CR i after intensive induction chemotherapy.
Several groups reported frequent persistence of DNMT3A codon R882 mutations in AML patients in CR, using assays with sensitivities comparable to our study [6] [7] [8] [9] [10] 32] . In these analyses, no prognostic significance of DNMT3A mutation persistence was found. These discrepant results might be explained by the relatively small cohort sizes in some studies, and the focus on a single hotspot codon reflecting only a subset of mutations in one gene, as opposed to a broader panel of driver genes in our study. On the other hand, our results are in agreement with a seminal report by Klco et al., who identified persisting mutations in samples obtained~30 days after the start of induction therapy in 24/50 AML patients [11] . In this cohort, which was partially pre-selected based on patient outcomes, mutation persistence associated with shorter EFS, but not OS, in multivariate analyses. Our work and the study by Klco and colleagues used similar VAF thresholds for the detection of persisting mutations (2% and 2.5%, respectively). Variants exceeding these allele frequencies are present in a substantial fraction of cells, thereby supporting clonal hematopoiesis with a persisting pre-leukemic clone rather than detection of a small number of residual leukemia cells (i.e., MRD). In our analysis, persisting mutations associated with inferior outcomes irrespective of their allele frequency in remission. It remains unclear whether very small preleukemic clones below our limit of detection carry a similar prognostic weight. In another recently published study, an NGS assay with a sensitivity of 0.2% was used to study persistence of mutations in 122 genes during CR in 59 patients. Persistence of ≥2 lesions, but not persistence of a single lesion, associated with significantly reduced leukemia-free survival and OS [5] . In the same study, patients with ≥1 mutation persisting at a VAF of ≥3.33% had shorter leukemia-free survival when censoring for alloSCT. These results are consistent with our findings and suggest that persistence of a single pre-leukemic variant at a low allele frequency may not carry the same adverse prognostic implications as persistence of larger clones or multiple mutations.
Almost half of the patients in our analysis underwent alloSCT in first remission, while the others received consolidation chemotherapy. To shed some light on the impact of post-remission therapy in patients with and without mutation persistence, we analyzed CIR before and after transplantation. In an analysis that treated alloSCT as a RFS relapse-free survival, OS overall survival, HR hazard ratio, CI confidence interval, ELN European LeukemiaNet, CR complete remission, CR i complete remission with incomplete blood count recovery, alloSCT allogeneic stem cell transplantation.
competing risk, mutation persistence associated with a significantly increased risk of relapse among patients who had not, or not yet, undergone transplantation. This difference was no longer observed after alloSCT in first remission, although the low number of recurrences after transplantation limited the power of this analysis. Since most allografted patients reach full hematopoietic chimerism, alloSCT may reducing the risk of relapse by not only eradicating residual leukemic cells, but also pre-leukemic clones. We could not directly verify this hypothesis by testing for persisting mutations in post-transplantation samples, due to lack of consent for genetic testing from SCT donors. Mutation persistence was observed across the entire age range of our cohort. It affected~25% of patients aged ≤60 y, by far exceeding the reported incidence of clonal hematopoiesis in healthy persons in this age group. Among patients >60 y, over two thirds had persisting mutations in remission. Older age is one of the strongest predictors of inferior treatment outcomes in AML, yet the reasons for this association still are incompletely understood. Pre-treatment genetics and patient-related factors such as performance status and comorbidities only partially explain the worse prognosis of elderly patients. In our cohort, older age by itself showed a significant association with shorter RFS and OS. However, mutation persistence was more closely associated with both endpoints than age in bivariate models (Supplementary Table 8 ). These data suggest that a higher frequency of pre-leukemic clones surviving chemotherapy is an additional factor contributing to the poor prognosis of older AML patients. Our analysis of relapse specimens shows that pre-leukemic clones can act as a source of AML relapse harboring the same pre-leukemic variants, but a different set of additional mutations, compared to the initial leukemia clone. In other cases, the genotype at relapse indicated a close relationship to the original clone, suggesting that persistence of a pre-leukemic clone may also be a surrogate for a more difficult-to-eradicate phenotype of the leukemia clone itself.
Our study adds to a growing body of data showing that monitoring of leukemic and pre-leukemic clones after therapy (through MRD assays and analyses of persisting mutations, respectively) may complement or even supersede pre-treatment genetic factors for prognostic stratification [33] . MRD measurements by flow cytometry or qPCR rely on informative immunophenotypes or molecular markers. Consequently, MRD levels by either method were only available in a subset of our patients, precluding assessment of their prognostic value alone or relative to persistence of pre-leukemic clones. However, mutation persistence and MRD levels were not closely correlated, suggesting that both variables might ultimately provide complementary prognostic information.
In summary, our study provides further evidence that persistence of pre-leukemic clones during first remission after induction chemotherapy is an adverse risk factor in AML. Mutation persistence is common in elderly patients and may contribute to the inferior outcomes in this age group. While the prognostic value of mutation persistence was independent of other known risk factors, including the current ELN genetic risk classification of AML, patients with persisting mutations who did not undergo alloSCT had 
